Experiments were conducted to investigate the influence of different factors on the adsorption of Zn 2+ and Cd 2+ ions from aqueous solution onto vermiculite. The ratio of the initial concentration of ions, C 0 , to the adsorbent concentration, W 0 , was shown to be the key factor determining the equilibrium ion adsorption density, q e . Subject to the magnitude of C 0 /W 0 , the value of q e could either attain its maximum level, q m (the maximum adsorption density), when the solid surface was fully saturated, or approach its critical limit, q c (the C 0 /W 0 ratio), when the ions in the bulk solution had been completely removed.
INTRODUCTION
Various types of minerals including vermiculite (Evangelou and Lumbanraja 2002) , zeolite (Burgess et al. 2004; Ibrahim and Akashan 2004) , modified clinoptilolite (Hajialigol et al. 2006) , natural kaolinite (Wang et al. 2006) , oil shale (Al-Asheh and Banat 2001) and bentonite (Mellahand and Chegrouche 1997) have been selected as potential adsorbents for the removal of metal pollutants from aqueous solutions. Some of these have been utilized as fillers or liner materials in constructed wetlands and landfills for waste disposal (Cheng et al. 2002; Mays and Edwards 2001; Mitsch and Wise 1998; Mungar et al. 1997; Wan Zuhairi 2003) . The concentration of metal pollutants in wastewaters varies to a large extent not only with wastewater type but also with time. This has a negative impact on the normal growth of plants as well as on the activity of micro-organisms in the open wetland system. The introduction of an adsorption buffer unit using materials with a high adsorption capacity into a wetland system can thus improve both the treatment capacity and sustainability.
Zinc and cadmium are two metals of high concern in water environment protection as the presence of excess amounts of their ions in water streams would endanger ecosystems and ultimately public health. Results from previous studies have shown that vermiculite has a relatively high capacity towards the adsorption of Zn 2+ and Cd 2+ ions from liquid/solid systems (Wu et al. 2006) . When studying a metal ion adsorption system, the potential influence of environmental and solution parameters on the experimental system should be investigated. Examples of factors investigated in various studies include ionic strength (Harter and Naidu 2001; Sarkar et al. 1999; Sastre de Vicente 2004) , ion competition and selectivity (Hajialigol et al. 2006; Saha et al. 2001) , solution pH (Burgess et al. 2004; Wang et al. 2004) , contact time (Guardia 2003) and temperature (Jiang et al. 2006; Qadeer 2005) .
In order to obtain basic information for the use of vermiculite as a wetland filler, the present studies were undertaken to investigate the main factors determining the equilibrium adsorption of Zn 2+ and Cd 2+ ions onto vermiculite from aqueous solutions.
EXPERIMENTAL

Materials
The vermiculite mineral used as the adsorbent was a product from the Second Mineral Plant of Lingshou County, Hebei Province, P. R. China (chemical form, Mg x (H 2 O){Mg 3 -x [AlSiO 3 O 10 ]-(OH) 2 }; surface area ratio, 400 × 10 3 -800 × 10 3 m 2 /kg). In order to obtain homogeneous samples, the vermiculite was ground and sieved to produce particles with diameters in the range 0.09-0.45 mm, washed several times with distilled water, dried at 100°C and then stored under dry conditions. Zinc sulphate (ZnSO 4 • 7H 2 O), cadmium sulphate (CdSO 4 • 8H 2 O) and potassium sulphate (K 2 SO 4 ), all of A.R. grade, were used to prepare standard solutions of each of the metal ion species in distilled water. The standard K 2 SO 4 solution was used for testing the ion competition effect. For pH adjustment, a standard Na 2 B 4 O 7 • 10H 2 O solution was used in conjunction with a 0.1848 mol/ᐉ sulphuric acid solution, the latter being further diluted five times with distilled water.
Equilibrium adsorption tests
For such tests, a concentration range of 10-150 g/ᐉ was employed for the adsorbent (vermiculite) and one of 25-500 mg/ᐉ for the adsorbate (Zn 2+ , Cd 2+ ions), the latter being varied to accommodate the experimental designs. Particular care was taken in sample preparation to avoid the effect of ion contamination. The effect of temperature was tested at constant values of 15, 25, 35 and 45°C, respectively, whilst that of pH was studied by adding accurate amounts of standard H 2 SO 4 solution to a sample series of given adsorbate and adsorbent concentrations.
Single metal ion systems
Such systems consisted of samples containing only one ionic species (either Zn 2+ or Cd 2+ ). Sample series were obtained by transferring an accurately weighed amount of the adsorbent and 100 mᐉ of a standard ion solution of different concentrations into a 250 mᐉ ground-glass stoppered flask. Equilibrium experiments were conducted by placing the flask in a shaker bath which was shaken at 200 rpm for 24 h under constant temperature conditions. When equilibrium had been attained, the solutions were filtered and the ion concentration remaining in the aqueous phase determined by flame atomic adsorption spectroscopy (AAS). The equilibrium ion adsorption density, q e (mg/g), was calculated from the relationship:
where C 0 (mg/ᐉ) represents the initial ion concentration, C e (mg/ᐉ) the equilibrium ion concentration in the bulk solution and W 0 (g/ᐉ) is the adsorbent concentration. Control and parallel experiments were performed. Standard deviation analyses indicated good agreement between parallel tests with the average values being listed in the various tables below.
Binary metal ion systems
To test the influence of ion interactions, standard solutions of K 2 SO 4 , ZnSO 4 and CdSO 4 were used to obtain a series of binary metal ion adsorption systems containing equivalent numbers of moles of Zn 2+ , Cd 2+ and K + ions. The adsorbent concentration in such tests was maintained at 100 g/ᐉ. Single metal ion (Zn 2+ or Cd 2+ ) adsorption samples were used as controls for comparison. The experiments were conducted using the same procedure as that employed for the single metal ion systems.
RESULTS AND DISCUSSION
Adsorption limits
The equilibrium ion adsorption density and the ion-removal rate obtained from a sample series where no adjustment of the solution pH was made are listed in Table 1 for Zn 2+ ions and in Table 2 for Cd 2+ ions. As expected, the equilibrium ion adsorption density, q e , increased with increasing initial ion concentration, C 0 , but decreased with increasing adsorbent concentration, W 0 . In contrast, the ion removal rate (% R, the percentage ratio of the quantity of ions adsorbed to the initial ion concentration) was related to both C 0 and W 0 , showing an opposite trend to that of q e . As may be noted from the data listed in Tables 1 and 2 , high % R values could be obtained at different initial ion concentrations through the use of different dosages of the adsorbent, indicating that vermiculite can be used effectively as an adsorbent to remove Zn 2+ and Cd 2+ ions from aqueous solutions. The general trend for the basic relationships between q e , C 0 and W 0 shown in Tables 1 and 2 can be observed for every ion adsorption system, indicating that the ratio of the quantity of the ion adsorbed to the quantity of the adsorbent employed, q e , is determined by the relative level of C 0 to W 0 . Theoretically, there should be two adsorption density limits associated with the C 0 /W 0 ratio. Thus, at a given value of W 0 , q e will increase with increasing C 0 until an upper limit, q m , is attained (q m being the maximum adsorption density or adsorption capacity of the adsorbent). Similarly, at a given value of C 0 , q e will decrease with increasing W 0 until its value approaches a critical limit, q c , when all the ions in the aqueous solution will have been adsorbed onto the solid surface and the removal rate reaches 100%. Since an increase in C 0 at a given W 0 is equivalent to a decrease in W 0 at a given C 0 and vice versa, the adsorption process is subject to the following boundary conditions:
For a given W 0 , C 0 → ∞ or for a given C 0 , W 0 → 0, equivalent to C 0 /W 0 → ∞, q e → q m For a given W 0 , C 0 → 0 or for a given C 0 , W 0 → ∞, equivalent to C 0 /W 0 → 0, q e → q c The upper limit, q m , has been precisely defined by Langmuir (1918) and its practical value has been well recognized in adsorption isotherm studies as well as in the comparison of the adsorption capacities for selected adsorbents. The equilibrium adsorption density defined by equation (1) shows that q e will approach C 0 /W 0 when the equilibrium ion concentration in the bulk solution, C e , decreases to zero, namely:
(2)
It should be mentioned that the critical limit, q c , defined by equation (2) is not a theoretical concept. It is important, for example, in water purification systems using adsorption techniques. It should also be noted that q e will not be zero when C e is zero unless C 0 is also zero. The tendency of q e to approach its upper limit, q m , is illustrated for Zn 2+ and Cd 2+ ions in Figure 1 (a) and (b), respectively. The value of q m (adsorption capacity of vermiculite) was estimated as 5.23 mg/g for Zn 2+ ions and 8.72 mg/g for Cd 2+ ions under the tested thermodynamic conditions (25°C, unadjusted pH) by plot analysis using the combined data sets listed in Tables 1 and 2. In principle, q m should be a constant for a given ionic species and a homogeneous adsorbent sample, while its measured value may vary to some degree depending on the measurement conditions employed.
The trend of q e approaching its critical limit, q c , is shown for Zn 2+ and Cd 2+ ions in Figure 2 (a) and (b), respectively. It is seen from the figure that for both metal cations at the highest adsorbent concentration tested (150 g/ᐉ), q e showed a linear correlation with C 0 /W 0 with the values approximately coinciding with each other at C 0 /W 0 levels lower than 0.31 mg/g for Zn 2+ ions and 0.42 mg/g for Cd 2+ ions. This shows that, in contrast to q m which is the capacity parameter for the adsorbent, q c is related to both C 0 and W 0 . It is also possible to define q c as being the adsorption density at C e , thereby allowing it to be considered as a discharge standard. Measurements of q c for a given value of C 0 then provide a practical means of the determining the quantity of adsorbent necessary to ensure the efficiency of the wastewater treatment process.
Pre-adsorbed ions
Tables 3 and 4 list the concentrations of K + , Na + , Ca 2+ and Mg 2+ ions in the equilibrium solutions of single metal adsorption systems. These cations were free in the aqueous solution at the initial adsorption stage and hence they were pre-adsorbed onto vermiculite and released from the solid surface when Zn 2+ or Cd 2+ ions were adsorbed. Although the adsorbent was washed several times with distilled water, the data listed in Tables 3 and 4 show that pre-adsorbed ions were not readily removed from the solid surface by such washing. The data listed in the tables indicate that the amount of cations released increased with increasing adsorption of Zn 2+ or Cd 2+ ions over the concentration range examined, with the linear correlation between the amounts of ions released and those adsorbed being higher than 0.98 for K + , Ca 2+ and Mg 2+ ions and 0.7 for Na + ions. The quantitative relationship between the amounts of ions adsorbed and released implies that ion-exchange was one of the main mechanisms for ion adsorption in the studied liquid/solid systems. Indeed, many other studies have shown that ion-exchange is one of the main mechanisms for ion adsorption in the type of liquid/solid systems studied (Curkovic et al. 1997; Demir et al. 2002; Evangelou and Lumbanraja 2002; Ishfaq and Safdar 1999; Nabi et al. 1999 ).
In such systems, the amount of ions released must, in principle, be equivalently equal to the quantity adsorbed, since ion-exchange should follow mass-balance laws. The data listed in Tables 3 and 4 show that the total quantity of K + , Na + , Ca 2+ and Mg 2+ ions released was, in fact, less that the quantities of Zn 2+ or Cd 2+ ions adsorbed, especially at high adsorption levels. This may be due to the possible presence of other cationic species which were not estimated in our studies. It is interesting to note that during the initial stages of the respective adsorptions, the equivalent quantity of Zn 2+ ions adsorbed was comparable to that for Cd 2+ ion adsorption. Thus, although the molar quantity of Zn 2+ ions adsorbed appears slightly higher than that of Cd 2+ ions, the difference between the amounts was not significant statistically.
Mixed metal ion systems
Ion exchange is, in principle, a process of ion competition for available adsorption sites on the adsorbent surface. Since, the competition is limited by the adsorption capacity of the adsorbent, the presence of other species in the adsorption system should thus have a negative effect on the adsorption of Zn 2+ or Cd 2+ ions from aqueous solution. In order to test this assumption, a series of mixed metal ion adsorption samples containing equivalent amounts of K 2 SO 4 , ZnSO 4 and CdSO 4 were prepared and mixed metal ion adsorption studies undertaken with these samples. The results obtained are listed in Table 5 .
In comparison to the situation in single metal ion systems, the adsorption extents of both Zn 2+ and Cd 2+ ions onto vermiculite were apparently lower in mixed metal ion systems, although the amount by which this was lowered appeared to differ for different initial ion concentrations Difference Q e -Sum (mmol/ᐉ) (see data in Table 5 ). As indicated by the relative deviations (% RD), the difference between the adsorptions of Zn 2+ and Cd 2+ ions from single and mixed metal ion systems was negligible at low initial ion concentrations, C 0 , but became gradually significant as C 0 increased. Since the number of available adsorption sites on the adsorbent surface decreases with increasing ion adsorption, it is reasonable to assume that adsorption competition will be greater at higher adsorption levels. The observed phenomena therefore confirm the ion competition effect.
Influence of temperature
The data listed in Table 6 indicate the influence of temperature on the adsorption of Zn 2+ and Cd 2+ ions from aqueous solution onto vermiculite. As a general trend, it will be noted that the extent of both Zn 2+ and Cd 2+ ion adsorption increased slightly with temperature over the range studied (15-45°C). However, this slight effect was statistically insignificant. Significant differences (at the 5% level) were only noted for three measurements for the adsorption of Zn 2+ ions and two measurements for the Cd 2+ ion samples (see data listed in Table 6 ). Experimental data obtained at other adsorbent concentration levels showed the same trend as that shown in Table 6 , thereby indicating that the adsorption of both Zn 2+ and Cd 2+ ions was not significantly affected within the temperature range studied. An increase in ion adsorption with increasing temperature has also been observed by Jiang et al. (2006) . The positive effect of temperature on the adsorption of Zn 2+ and Cd 2+ ions may be accounted for by an ion-exchange mechanism. Thus, for adsorption to occur spontaneously, the change in the Gibbs free energy (∆G) between the initial and equilibrium adsorption states in the system should be less than zero, viz.
where H denotes the enthalpy, S the entropy and T the temperature. An increase in temperature will increase the absolute value of T∆S, while release of different ionic species into the liquid phase as a result of the adsorption of Zn 2+ or Cd 2+ ions will lead to a change in the composition of the aqueous system studied, possibly causing an increase in the entropy of the system. It is thus likely that in the ion-exchange process the value of ∆S is greater than zero. Increasing the temperature will then lead to a lower value of ∆G, thereby creating favourable conditions for the adsorption of Zn 2+ and Cd 2+ ions.
Influence of solution pH value
From experimental data obtained at 30°C, Wu et al. (2006) noted that the equilibrium pH value was higher that the initial pH value in Zn 2+ and Cd 2+ adsorption systems, suggesting that H + ions had possibly been adsorbed from the bulk solution onto the solid surface. As shown by the data listed in Table 7 , a similar trend has been found for the mixed metal ion adsorption systems studied at 25°C in the present work. Figure 3 illustrates the effect of adjusting the pH values using sulphuric acid on the adsorption of Zn 2+ ions while the data listed in Table 8 show the corresponding effects on the adsorption of Cd 2+ ions. As reported by Wu et al. (2006) , the adsorption densities of both Zn 2+ and Cd 2+ ions remained virtually unchanged when the initial pH of the system was above a value of 4, but decreased sharply as the pH value decreased further and was virtually zero at a pH value of ca. 1.3. As indicated by the equivalent H + /Cd 2+ ratio (Table 8) , the equivalent H + ion concentration at pH values above 4 was very low but became 124-times greater that the initial concentration of Cd 2+ ions when the pH value was reduced to 1.31. These results indicate that the adsorption of both Zn 2+ and Cd 2+ ions were only affected significantly when high amounts of H + ions were present in the sample solutions. The equilibrium pH value was consistently higher than the initial pH value at all pH levels (Table 8) , and thus the adsorption of H + ions was apparently the cause of the decrease in adsorption of Zn 2+ and Cd 2+ ions. This confirms that, in accordance with the influence of companion cations in mixed metal ion adsorption systems, the effect of pH also results from ion-exchange or competition for available adsorption sites on the adsorbent surface.
Since only a few cases are possible where the pH of wastewaters will be less than 5, the removal rate of Zn 2+ and Cd 2+ ions from the aqueous phase using vermiculites should not be negatively affected by changes in the pH value.
CONCLUSIONS
The observed relationship between the equilibrium ion adsorption density, q e , the initial ion concentration, C 0 , and the adsorbent concentration, W 0 , indicate that q e is basically determined by the relative ratio of C 0 to W 0 subject to two adsorption limits: q m (the maximum adsorption density) and q c (the critical adsorption density). Depending on the magnitude of C 0 /W 0 , q e may either attain its upper limit, q m , when all the adsorption sites on the solid surface are fully saturated, or its critical limit, q c , when the ions in the bulk solution are completely depleted. The increase in the amount of pre-adsorbed K + , Na + , Ca 2+ and Mg 2+ ions released with increasing adsorption of Zn 2+ and Cd 2+ ions indicates that ion-exchange is the main mechanism in the liquid/solid systems studied. The observed decrease in the adsorption of Zn 2+ and Cd 2+ ions from mixed metal ion adsorption systems and the significant influence of lower pH values confirm the existence of an adsorption competition effect in the ion-exchange process.
Adsorption of Zn 2+ or Cd 2+ ions from aqueous solution onto vermiculite was not affected significantly by temperature within the range 15-45°C nor pH value at levels above 4.
